Introduction
Small mammal species like the striped field mouse (Apodemus agrarius) originally inhabiting the steppe landscape of Eastern Europe probably colonized northwestern Europe following the agricultural expansion during the Neolithic period less than 6500 years BP [1, 2] . However, fossil records from southwestern France dating approximately 19 417 + 19 044 BP imply a westward expansion of striped field mouse into Europe before the Neolithic period indicating a possible older colonization history of northwestern Europe [3] . Thus, the species might have arrived early to the southern Danish islands Lolland and Falster [4, 5] , which have been isolated from mainland Europe by postglacial sea-level rise since approximately 10 300-8000 BP ( [6] , O Bennike 2016, personal communication), following suggestions by Bö hme & Reichstein [7] . The current presence of the striped field mouse on Lolland & Falster [5] dates back to at least AD 1800 [8] , while records elsewhere in Denmark are scarce. To date no subfossils exist from Denmark [9] and the oldest subfossils found in Poland is dated to the Subatlantic period (2500-0 BP) [2, 10] indicating a recent colonization [10] . Hence, if the striped field mouse in Denmark represents a Subatlantic colonization event it must be related to anthropogenic activities possibly associated with agrarian expansion and international trade [11, 12] .
The aim of the study was to distinguish between the two hypotheses: (i) the striped field mouse colonized Denmark before 10 300-8000 BP, i.e. when Lolland and Falster were connected with northwestern Europe or (ii) around the Subatlantic period (2500-0 BP), suggesting anthropogenic introduction. Further, we tested the origin of individuals representing two newly discovered occurrences from Central Jutland [6] and Sweden [13] . This was performed by whole mitochondrial genome (mitogenomes) sequencing, which increases phylogenetic resolution & 2017 The Author(s) Published by the Royal Society. All rights reserved. compared with analysing shorter fragments of mtDNA [14] . We sequenced complete mitogenomes from 86 individuals representing seven northwest European regions and analysed the phylogenetic relationship and divergence time.
Material and methods
DNA was extracted from 108 individuals from frozen or alcohol preserved material using EZNA w Tissue DNA Kit (OmegaBio Tek). Long-range PCRs were conducted to sequence the full mitogenome in three overlapping fragments and barcoded libraries were made using the NEBNext w Fast DNA Fragmentation and Library Prep Set. Sequencing was performed on the Ion Torrent using Ion express template 400 chemistry (paired end technology) on a 318 chip (electronic supplementary material, S1).
Reads were assembled using Sequencher w 5.2.3 (Gene Codes Cooperation) using complete mitogenome sequences from Apodemus agrarius coreae and A. agrarius chejuensis (HM034866.1, JN629047.1, NC016428.1, HM034867.1, NC016662.1) [15, 16] as references. The mitogenome sequences were annotated to the reference sequences using GENEIOUS v. 7.1.4 [17] .
Full mitogenomes (contig coverage: 40 -1200 times) were obtained from 86 specimens representing seven regions: Denmark (Lolland, Falster, Filskov (Central Jutland)), Germany (mainly Schleswig-Holstein, Lower Saxony), Poland (Bialowieza area), Estonia (Saare, Jogeva County) and Sweden (Ö deshö g) (figure 1a) (GenBank accession nos. KY851892 -KY851905). A partial mitogenome dataset comprising concatenated full rRNA 12S and 16S, ATP6, ATP8, COX3 and ND3 sequences were extracted from an additional 13 of the 108 individuals (electronic supplementary material, S2). The remaining nine sequenced individuals were not used due to low coverage.
Population structure was tested using F ST in ARLEQUIN v. 3.5.1 [18] . Pairwise analyses of divergence time and effective population sizes (N e ) were conducted using IMa [19] on all population pairs including Danish populations. IMa assumes divergence from an ancestral population and constant population size of the contemporary populations, as generally supported by Fu's Fs (electronic supplementary material, S3a). A model with isolation without migration was chosen to mimic founding of the Danish populations. A larger dataset comprising all Danish versus all German and Polish individuals (mainland) was also analysed both with and without migration. Both the full dataset and the partial mitogenome dataset were analysed using the HKY substitution model and an inheritance scalar of 0.25 to account for the lower effective size of mtDNA compared with nuclear DNA.
Phylogenetic analysis was conducted using the full mitogenome dataset and a Bayesian approach in BEAST v. 1.8.2 [20] using the HKY þ I þ G (eight gamma categories) substitution model obtained from JMODELTEST (electronic supplementary material, S3b). A constant clock was chosen based on rate heterogeneity tests using an uncorrelated lognormal clock while the constant size coalescence prior was chosen based on Bayes factor when compared with other priors (electronic supplementary material, S3b). Both IMa and BEAST MCMC convergence was verified by additional runs and ESS. Evidence for positive selection acting on the 13 coding mitochondrial genes was also tested (electronic supplementary material, S4).
To estimate time in IMa and BEAST, we used a mutation rate of 1.5 and 3.2 Â 10 27 sub per site y 21 estimated for the full mitogenome in Mus musculus domesticus, based on colonization of the Kerguelen Archipelago less than 200 years ago and an inbred laboratory line starting ca 100 years ago, respectively [21] . For IMa, we estimated time using both rates, while BEAST was run using the two rates as minimum and maximum values in a uniform prior.
Finally, we calculated differences in relative mutation rates between all genes (including D-loop) and the full mitogenome using the mitogenome dataset. The calculations were based on theta (u) estimated in DNAsp [22] and the assumption of no recombination and thus identical effective female population size (Nf e ¼ u/2m) between the regions: m gene ¼ ((u gene Â m mitogenome )/u mitogenome ) (electronic supplementary material, S5). The results were used to estimate mutation rates for the single genes that directly could be compared with published estimates.
Results and discussion
Anthropogenic activities have led to the introduction of new species to local ecosystems both intentionally and unintentionally. For example, Mus musculus domesticus was shown genetically to have been taken unintentionally with the Vikings from Norway to the British Isles [23] , while Cervus elaphus was introduced intentionally to Ireland from Britain during the Irish Bronze Age [24] . Our analyses of A. agrarius suggest that their distribution also have been influenced by human unintentionally induced introductions.
Given the short time frame separating the two hypotheses tested, an accurate mutation rate is required. We used a rate estimated for M. musculus domesticus within the last 200 years. This should minimize potential bias due to time-dependency compared with using inter-species mutation rates [25] , but could introduce another bias if rate differences exist between the two species. Given the assumed mitogenome rates, the obtained mutation rates for CytB was 1. ]) estimated based on a population expansion 15 000-7000 years ago [27] . As such, we find overall good support for the mutation rate used.
Of 86 mitogenomes, 70 different haplotypes were observed (electronic supplementary material, S2). Analyses of selection showed strong purifying selection and relaxed purifying selection (electronic supplementary material, S4). Identical haplotypes were only found within the same region sampled. One exception was the Swedish individual from Ö deshög, which matched one haplotype from Filskov, Central Jutland. Historically, the striped field mouse was not a part of the Swedish fauna [13] . This suggests a founding from Filskov and may be linked to the trading of potatoes, which is known to have occurred between the areas approximately AD 2009.
Population structure analysis differentiated all regions except Falster and Filskov (table 1) , suggesting a recent common history for these two areas. Divergence time estimates are subject to uncertainty, which is illustrated by the width of the peaks observed in the probability of divergence (figure 1b) and expressed by the 90% high point density (HPD) intervals (table 2) . Nevertheless, using the mitogenome dataset, the estimated divergence time was approximately 97-664 years BP (AD 1346-AD 1913, 90% HPD) (table 2). This period was characterized by expansion of European agricultural trade [29] , which could have facilitated human introductions between the areas. However, the direction of colonization cannot be inferred.
rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170064
The mitogenome phylogeny showed four major clades, with two Danish individuals (from Filskov) represented in Clade 2 most closely related to Polish mitogenome sequences, and the rest in Clade 1, which also contained two individuals from Germany (figure 2). The European mainland populations from Germany and Poland showed higher N e and nucleotide diversity (p) compared with that observed in Denmark, supporting a potential founding event explaining the lower genetic diversity observed (table 2; electronic supplementary material, S3a). In the case of a single event, Lolland may have been the first region to be colonized, as it showed the highest N e of all Danish populations.
Lolland and Falster diverged more recently from Germany compared to Poland. Filskov, however, showed a divergence time from Poland comparable to that of Germany, which can be attributed to the two Filskov mitogenome sequences found in Clade 2. In the case Filskov is founded from Falster, the result may be explained by immigration from Poland after founding. Another possibility is that the first Danish colonizers carried both mitogenome lineages represented in Clades 1 and 2. This is supported by the finding of an additional individual in Clade 2 originating from Falster when analysing the partial dataset (electronic supplementary material, S6). The fact that Clade 2 has not been recovered from Lolland may then reflect inadequate sampling.
In conclusion, although Denmark and Germany on average showed a closer genetic relationship compared with Denmark and Poland (table 1, electronic supplementary material, S7), low sampling density within Northern Europe precludes exact inference about the original source populations of the Danish founders and leaves the fine detail of colonization uncertain. Nonetheless, our results support founding of the striped field mouse in Denmark in the Subboreal, or the Subatlantic period as hypothesized by Hansen & Jensen [2] , and thus induced by anthropogenic introduction supporting hypothesis ii) (possible colonization Highest 90% HPD interval could not be estimated due to multiple low peaks in the probability surface (figure 1b).
rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170064 history, figure 1c) . The results rely on the assumption of isolation without migration. Incorporating migration did not change the outcome significantly and suggests colonization of Denmark within the same period (figure 1b). The estimated divergence times in IMa overlaps with Late Neolithic, Bronze, Pre-Roman and German Iron Age (2223 BC-AD 899). These periods were characterized by extensive human interaction and ship trade within Northern Europe [9, 10] , across the Baltic Sea. This could have led to unintentional transport of striped field mice on, e.g. ships transporting food and hay, and consequently resulted in founding of the Danish populations.
Ethics. rsbl.royalsocietypublishing.org Biol. Lett. 13: 20170064
